Channel initiation, which is a key factor in the evolution of mountain landforms, is caused by a 24 combination of various hydrogeomorphic processes. We modeled the channel initiation in steep mountains 25 on the basis of the physical mechanism for sediment transport by surface and subsurface flows. Field 26 investigations and Geographic Information Systems (GIS) analysis in the Higashi-gouchi catchment of 27 central Japan showed that our model can well explain the area-slope relationship in steep and highly 28 incised subcatchments, in which surface flow and shallow underground water would be the dominant flow 29 components. In contrast, the area-slope relationship is not clear in gentler subcatchments, in which the 30 contribution of deeper flow components (i.e., deep underground water) on the entire runoff is not negligible. 31
Abstract 23
Channel initiation, which is a key factor in the evolution of mountain landforms, is caused by a 24 combination of various hydrogeomorphic processes. We modeled the channel initiation in steep mountains 25 on the basis of the physical mechanism for sediment transport by surface and subsurface flows. Field 26 investigations and Geographic Information Systems (GIS) analysis in the Higashi-gouchi catchment of 27 central Japan showed that our model can well explain the area-slope relationship in steep and highly 28 incised subcatchments, in which surface flow and shallow underground water would be the dominant flow 29 components. In contrast, the area-slope relationship is not clear in gentler subcatchments, in which the 30 contribution of deeper flow components (i.e., deep underground water) on the entire runoff is not negligible. 31
Thus, the contribution of each runoff component to the total runoff is an important factor affecting the 32 location of the channel head formed by surface and subsurface flows. Many channel heads in the deeply 33
Introduction

40
Channel initiation is a key factor in the evolution of mountain landforms. The hydrogeomorphic 41 processes determining the location of the channel head vary from catchment to catchment. Montgomery 42 and Dietrich (1988 Dietrich ( , 1989 proposed a physically based area-slope threshold of shallow landslides, which 43 successfully explains the inverse area-slope relationship for the channel head location. In contrast, the 44 inverse area-slope relationship for the channel head location can also be explained in terms of erosion by 45 surface and subsurface flow in areas with less landslides (Dietrich et The peak shear stress at the peak hydraulic radius is gotten by substituting Eq. (7) The Higashi-gouchi catchment receives abundant rainfall (average 2800 mm annually in the 166 period from 1993 to 2002). Heavy rainfall events (i.e., total rainfall > 100 mm) occur during the Baiu rainy 167 season (June and July) and in the autumn typhoon season (late August to early October). Winter snowfall 168 occurs from December to March, but precipitation in this period accounts for only about 15% of the total 169 annual precipitation. Except the north-facing slopes, the annual maximum depth of snow cover is less than 170 20 cm; most of the snow melts within a week after a snowfall. Thus, snowmelt is typically not a significant 171 sediment supply mechanism in this area. Landslides and debris flows associated with high precipitation 172 during the Baiu rainy season and the typhoon season are the major sediment supply processes in this area 173 (Maita et al., 1983; Matsushita et al., 2003) . Investigations using color aerial photographs with a resolution 174 of 40 cm taken in 2007 revealed that landslide area occupied 3.6% of the entire Higashi-gouchi catchment. 175
Freeze-thaw that promotes dry ravel at landslide scars is also an important sediment supply process in this 176 Second, the standard deviation of the slope gradient (tan θ) within a radius of 10 m was calculated for each 204 1-m grid cell using the 1-m resolution DTM (Fig. 4) . We used tan θ, not degrees or radians, since the 205 roughness calculated from tan θ has a larger weight in steeper terrains in which landslides usually occur. 206
Finally, the average roughness was calculated for each subcatchment. 207 208
Field survey 209
We mapped the locations of sixteen channel heads by conducting field surveys. Exact locations of 210 some channel heads were surveyed using a global positioning system (GPS; accuracy, 5-10 m) and a 211 differential global positioning system (DGPS; accuracy, 2-3 m). We identified the channel heads based on 212 the general definition of ''the upstream boundary of concentrated water flow and sediment transport 213 between definable banks'' (Dietrich and Dunne, 1993) . Exposure of bedrock and the formation of armor 214 coats were evidence of sediment transport and surface water generation on site. Active sediment supply 215 from hillslopes sometimes obscured banks and evidence of surface flow in some channels; these channels 216 were also mapped and analyzed in this study. We classified the channel heads on the basis on their initiation 217 mechanism; those formed by landslides (and subsequent debris flows) and those by surface/subsurface flow. 218
Both surface erosion by overland flow and seepage erosion, which can be explained by our model, were 219 treated together in this study. 220
We also measured the detailed topography around two channel heads on site (C1 and C2; Figs. 3 221 and 5). Topography around C1, which was characterized as steep hillslopes, incised valley, and thin regolith, 222 agree with typical topographic characteristics in HRAs. On the contrary, as with typical topography in 223
LRAs, topography around C2 was relatively gentle. We measured the cross-sectional topography along five 224 cross-sectional lines around each channel head by using tape measures and a laser ranger. The distance 225 between adjacent cross-sectional lines was about 40 cm, and the interval between each measuring point in 226
individual cross-sectional lines was 5 cm. We also sampled sediments around the channel heads for grain 227 size analysis (>2 kg at each site). The samples were dried in an oven at 110°C for 6 hours and then 228 analyzed by using sieves with mesh sizes of 1, 2, 4, 8 and 16 mm. The diameter of the sediments >16 mm 229 was manually measured by using a scale. Sediments of each grain size class were weighed with an electric 230 balance. The topography and grain size distribution were used to evaluate the shear stress and critical shear 231 stress at the channel head. 232 233
Analysis of channel heads by GIS 234
The topographic features around the sixteen channel heads, whose location was determined in the 235 field surveys, were checked in the slope gradient distribution map drawn from the 1-m resolution DTM 236 (Fig. 3) . We could identify all of channel heads investigated in the field surveys on the slope distribution 237 map. Distance between channel heads investigated using DGPS and those estimated from the slope gradient 238 map was generally less than 10 m. This distance would be affected by accuracy of DGPS, resolution of the 239 slope distribution map, and error associated with the detecting method for channel head locations on the 240 slope map. We assumed that resolution of the slope gradient map was sufficient for locating channel heads 241 with accuracy < 10 m. Since very steep topography in the Higashi-gouchi catchment prevents us from 242 conducting field surveys at most of channel heads, we identified the location of the rest of the channel 243 heads by using the slope gradient map. The channel gradients from the channel head to a point 10 m 244 downstream (S in Fig. 1 ) were analyzed using the DTM. We investigated the channel gradient, not the slope 245 gradient above channel heads, because our model is based on the sediment transport mechanism in 246 channels. The catchment area above the channel heads (A in Fig. 1 
Results
250
Classification of subcatchments
12
The frequency distribution of the average roughness in the catchment had two peaks around 0.17 252 and 0.23 (Fig. 6 ). Thus, we set the borderline between HRAs and LRAs at the average roughness of 0.20, at 253 which there were clearly fewer catchments than in the lower and higher roughness classes. The HRAs 254
classified by the GIS analysis were mainly located around the upper stream of the Higashi-gouchi River 255
and along large tributaries, whereas the LRAs were mainly located near mountain ridge lines and areas far 256 from large tributaries (Fig. 4) . The ratio of landslide area to the entire area was 5.4% and 2.5% in the HRAs 257 and LRAs, respectively. Average slope gradient in the HRAs (44˚) was higher than that in the LRAs (38˚). 258
The ratio of gentle area (i.e., < 30˚) to the entire area was 7.5% and 19% in the HRAs and the LRAs, 259 respectively, indicating that HRA terrain was apparently steeper than LRA terrain. Based on our 260 classification, the channel head C1 was located in an HRA catchment, and C2 was in an LRA. 261 262
Channel head features 263
Grass cover on the channel heads was rarely found in the field surveys. The high crown density 264 of trees and gravelly sediments around the channel heads might have prevented vegetation coverage. Thus, 265 turbulent flow was considered to be a dominant flow type at the channel heads, rather than laminar 266 overland flow that usually occurs on channels covered by grass (Montgomery and Dietrich, 1994) . Some of 267 the surface-flow channels were located downslope of old landslide scars. Landslide deposits fed by infilling 268 processes (e.g., soil creep and dry ravel) were identified around these channel heads (e.g., C2 in Fig. 5 ). We 269 could visually distinguish between channels initiated directly from landslides, which generally have wide 270 channel heads (i.e., > 5 m), and those initiated from surface flow, which have narrow channel heads (< 5 m), 271 by using the 1-m resolution DTM. 272
Cross-sectional profiles downstream of the channel head C1 showed clear banks on both sides of 273 the channel, whereas the banks around C2 were not clear except at the exact location of the channel head 274 (C2-3, Fig. 7 ). C2 was located downslope of an old and large landslide scar; deposits (depth < 1 m)composed of landslide sediment as well as in-filled sediment were found in the field survey (Figs. 5 and 7) . 276
The cross-sectional profiles around C1 and C2 had knickpoints in the slope gradient (Fig. 7) . The 277 relationship between the water depth and the hydraulic radius, estimated from the cross-sectional profile, 278 varied around these knickpoints (Fig. 8) . However, the overall relationship between water depth and 279 hydraulic radius can be properly explained by the fitting line obtained by least squares regression analysis 280 (Table 1 ). The constant B 1 for the best-fit line varied between C1 and C2 as well as amongst cross-sectional 281 lines around the same channel head. The cross-sectional area of water flow increased sharply with 282 increasing water depth (Fig. 8) . A quadratic curve can well explain the relationship between the water depth 283 and cross-sectional area (Table 1) . Although coefficients of determination (R 2 ) and P value for the fitting 284 curves of the water depth-area relationship generally exceeded those for the water depth-hydraulic radius 285 relationship, the range of the constant B 2 was wider than that of B 1 . The grains around the channel heads 286 were relatively coarse; d 50 A total of 148 channel heads were identified in the field surveys and GIS analysis (Fig. 3) . Of 291 these, twenty-six were directly initiated from landslides and debris flow scars, much fewer than the ones 292 formed by surface and subsurface flows (122 in total; 50 and 72 in the HRAs and LRAs, respectively). We 293 did not analyze the location of channel heads formed by landslides and debris flows, and instead focused on 294 the channel initiation caused by surface and subsurface flows. Many of the channel heads formed by the 295 flows were located downslope of old landslide scars (78% and 62% in the HRAs and LRAs, respectively). 296
Our GIS analysis revealed that many channel banks in the HRAs have unclear sections, whereas channel 297 banks in the LRAs were relatively clear. Active sediment deposition on channels in the HRAs and/or more 298 enhanced erosion of channel side walls in steeper terrain (Oguchi, 1997) likely obscured channel banks. 299 around C1 and C2 was 40 and 50 mm, respectively (Fig. 9) . Particles from 30 to 287 100 mm in diameter accounted for about 70% of the particles at C1 and C2. 288 289
Channel head locations 290
The GIS analysis did not reveal the exact location of some channel heads, especially in the HRAs, because 300 of the complex topography around the channels. Hence, we did not analyze the locations of these channel 301 heads. 302
The drainage area above a channel head was inversely related to the channel gradient in the 303 log-log plots (Fig.10) . The relationship was relatively clear in the HRAs. Best-fit curves for this 304 relationship, which was expressed as Eq. (9) (Fig. 10) . In addition, the drainage area above the channel 311 head in the HRAs was usually from 2000 to 30000 m 2 The distribution of grain sizes around the two channel heads (C1 and C2) indicated that fine 318 sediment was preferentially washed away by water (e.g., surface flow and seepage). Entrainment of fine 319 particles during moderate rainfall events at the channel head was also observed in Japan (Terajima et al., 320
2001). Not only fine sediment but also coarser sediment is transported for formation of the channel head. 321
Thus, transport conditions for coarse sediment left around channel heads should be discussed as part of the 322 , whereas the drainage area in the LRAs was 312 significantly larger (Fig. 10) . Consequently, the channel heads in the LRAs could be characterized as 313 having wider distributions of drainage area and slope gradient in comparison with those of the HRAs. 314 315 6. Discussion The exponent of the area-slope relationship for the HRAs (-2.33) roughly corresponded to that of 340 our physically based model (-13/6) using Eq. (9) (Fig. 10) , indicating that our model can properly explain 341 channel initiation in the HRAs. Since location of many channel heads were investigated only by DTM 342 analysis, relationship between area-slope plots may be obscured by errors due to our detecting method for 343 the channel head location (assumed maximum error, 10 m). Slope gradient that are highly affected by the 344 local channel profile would be more sensitive to that error than the catchment area. The spatial variability 345 of B , respectively. The hydraulic radius for these critical shear stresses calculated 333 from Eq. (1) was 11 and 14 mm, respectively. Roughness of bedrock as well as reinforcement by organics 334 (e.g., roots and woody debris) might increase the critical hydraulic radius for entrainment of sediments 335 around channel heads (e.g., Gomi and Sidle, 2003). In any case, the water height for initiating the channel 336 head may exceed 10 mm at the study site. 337 338 determining the theoretical area-slope relationship to be valid. In contrast, the slope-area relationship was 351 not clear in the LRAs (Fig. 10) . Because of its low landslide frequency and gentle terrain, the depth of the 352 soil layer in the LRA (0.5-2 m) is generally deeper than in the HRA (< 1 m). In addition, as is obvious from 353 the multiple ridges in the LRAs (e.g., area A in Fig. 3 The sediment supply rate in the HRAs would be much higher than in the LRAs because of high 369 landslide frequency and steep slopes that promote dry ravel and rock fall. In fact, many channels in the 370
Locations of channel heads and topography types
HRAs had sections that covered by sediments from hillslopes. However, the area-slope relationship in the 371
HRAs was much clearer than in the LRAs (Fig. 10) , indicating that sediment supply is a minor determining 372 factor for the location of channel heads in comparison with the difference in the hydrological processes. 373 374
Comparison with other regions 375
A similar exponent in the area-slope relationship (Eq. (9) proportional to B (Eq. (10)). However, B was higher than in other catchments ( Table 2 ), indicating that 390 relief energy does not affect B as much as other factors. Locations of many channel heads in the 391
Higashi-gouchi catchment were investigated only by DTM analysis. Hence, R 2 of the area-slope 392 relationship in the Higashi-gouchi catchment would be lower than that in other regions (Table 2) .would also affect the R 2 scars exist around most of the channel heads, were formed by surface and subsurface flows. Therefore, 416 various hydrogeomorphic processes related to channel initiation should be considered to understand the 417 of the area-slope relationship. 395 396
Conclusions
397
Channel initiation, which are key factors in the evolution of mountain landforms, were modeled 398 on the basis of the physical mechanism for sediment transport by surface and subsurface flows. The peak 399 discharge for sediment transport around channel heads was estimated by assuming that the discharge is 400
proportional to the catchment area above the channel head. Physical analysis of sediment transport by 401 surface and subsurface flows showed that the catchment area was inversely proportional to the channel 402 gradient in the log-log plots; the exponent of the area-slope relationship in our model was equal to -13/6. 403 Area-slope relationship in the Higashi-gouchi catchment of central Japan, as investigated by field surveys 404 and GIS analysis, varied among the subcatchments. In the high roughness areas (HRAs) with high landslide 405 frequency and highly incised topography, the area-slope relationship was clear, and the exponent of the 406 fitting curves (= -2.33) was similar to that of our model (= -13/6). In contrast, the area-slope relationship 407
was not clear in the low roughness areas (LRAs), in which landslides are infrequent. Shallow regolith in the 408
HRAs might have resulted in a clear relationship between storm flow and drainage area, as needed for 409 determining the theoretical area-slope relationship (Eq. (9)) to be valid. In the LRAs, deeper flow 410 components would have obscured the drainage area-discharge relationship. Consequently, the type of 411 runoff components would be the predominant factor affecting the area-slope relationship. Active sediment 412 supply in the HRAs sometimes buries channel sections; however, the influence of the sediment supply on 413 the area-slope relationship could not be ascertained.evolution of mountain landforms. We also conclude that the difference in runoff components is the 418 important factor affecting the location of channel heads, rather than the sediment supply rate. To 419 demonstrate the influence of hydrological processes on channel initiation in detail, discharge observations 420 as well as the detailed topographic surveys will have to be examined. 
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